Conductance of nanoscale junctions consisting of a molecular monolayer in contact with different metal electrodes is studied. The characteristic energy scales of conductance are determined from the temperature dependence and from the non-linear current-voltage characteristics. Conductance measured at small bias follows Arrhenius behaviour. The effective activation energies are dependent on the metal contacts. The activation energies, typically in the range of 5-150 meV, are small compared to the expected molecular energy level spacings. The nature of the low-energy states remains unclear; however, some mechanisms, such as doping of the molecular layer by metal atoms, can be excluded. For certain metal pairs, the energies extracted from the onset of the non-linearity correspond to the low-bias activation energies, while for other metals this is not observed. These differences are probably caused by the differences in the relative topography of metal electrodes defining the effective conducting paths through the molecular layer.
Introduction
One of the main goals of molecular electronics is to bring the vast capabilities of synthetic chemistry into the realm of nanoelectronic devices. A variety of advanced techniques have been exploited to fabricate device-like structures based on a single molecule or on a small number of molecules. Some interesting effects have been reported, including negative differential conductance [1] ,Coulomb blockade and the Kondo effects on single molecules [2, 3] , and bistable molecular devices [4, 5] . Despite these and other exciting results, a consistent understanding has yet to emerge. Not surprisingly, the electronic properties of devices at such a length scale are sensitive to the microscopic configuration of all essential device constituents including the organic molecules and the metal electrodes, as well as other desired or undesired dopants and defects [5, 6] .
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surface topography and the metal contacts [6] . Here, we systematically study self-assembled monolayers (SAMs) in contact with a variety of metals. The metals range from noble metals that weakly interact with organics [7] to metals that are expected to react strongly with organics to conductive metal oxides. Each combination of metal contacts displays reproducible and unique transport properties. However, the characteristic energy scale of conductance is below 150 meV for all studied contact combinations. These energies are small compared to the expected molecular energy level spacings. The possibility that the low-energy states mediating the transport are created by metal atom doping is unlikely considering the wide range of exploited metal reactivity. The states exist in monolayers created by interaction between molecules, by disorder or by other dopants. Other differences in transport behaviour can be associated with different relative surface topography of the metals.
Experimental details

Tips as templates for nano-junctions
Molecular junctions of a few nanometres in size are fabricated on sharp quartz tips [6, 8] . The pyramid-shaped tips are pulled from 1 × 1 mm 2 cross section quartz rods with a micropipette puller reproducibly yielding 20-30 nm sharp ends. The metal electrodes are evaporated on opposite faces of the rods in three steps (figure 1). First, contact pads are evaporated ∼1 mm away from the tip and contact wires are soldered. Second, the drain electrode is evaporated on one face of the sharpened rod and a molecular layer is assembled on this electrode. Last, the rod with the SAM is placed in a vacuum evaporator. The source electrode is evaporated on the face opposing the drain. Then, the rod is rotated so that the tip faces the evaporation target. The final evaporation of a thin metal film connects the source with the drain electrode covered by the SAM. Due to the difference in the incident angle, the accumulated metal is thicker on the tip than on the slanted faces of the rod. The overall thickness is chosen such that a continuous metal film on top of the SAM is formed only in the immediate vicinity of the tip. Figure 1 shows disconnected Au clusters accumulated after the final evaporation on top of the slanted part of the drain with the SAM.
The choice of fused quartz as tip material as opposed to other common glasses is dictated by its relative hardness. Pulled quartz tips form the sharpest ends down to 15 nm size, and the pulling procedure can be tuned to reproducibly yield duller ends [6] . Additionally, we found that sharp tips, especially hollow inside, made from softer borosilicate and aluminosilicate glasses could be deformed by stresses arising during evaporation of certain metals. The square cross section of the rods is essential in avoiding undesired electrical connections between the electrodes. Typically, no conductance between the source and the drain is detected before the final metal evaporation onto the tip.
The molecule used in this work is terthiophene (T3) terminated with thiol bonding groups at both ends. Thiol terminations are commonly used to link organics to gold [9] . The assembly of this molecule has been generally characterized in [10] . STM images of conjugated dithiol molecules do not display the high degree of order common for alkanethiols. A typical STM image of a T3 monolayer assembled on Au/mica is shown in figure 2 (a). The visible topography is rather flat, and the corrugations are smaller than the molecular length. Usually, the images suffer from intermittent strong interactions between the top thiol molecular terminations and the scanning tip, and do not represent the real topography of the monolayer. Figure 2 (b) shows an STM image of a ∼1 nm Au film deposited on top of a T3 monolayer. The monolayers of conjugated dithiols impede penetration of incident metal atoms more effectively than better ordered monolayers of alkane thiols [11] .
After evaporation of the contact pads, eight samples are wired and processed as a single batch. Immediately after the evaporation of the drain electrodes,the SAMs are assembled on the drain electrodes. The tips are soaked in a tetrahydrofuran (THF) solution of T3 (about 0.01 mM), with a few drops of 37% aqueous solution of ammonium hydroxide added for in situ deprotection of thioacetyl groups, at room temperature for 5-30 min, then rinsed with THF, acetone and isopropanol. As a function of soaking time (t s ), no qualitative difference was observed either in electrical properties of the junctions (5 min < t s < 1 h) or in STM images (5 min < t s < 24 h). After the SAM formation, the samples are placed back in the vacuum evaporator.
Choice of metallic electrodes
To study the interaction between the SAM and the contacts we have chosen materials with widely different chemical properties. Au is a common electrode material in electronics because of its chemical stability in air. Most other metals form oxides that can affect the conductance of the junctions. For example, junctions made with reactive top contacts such as Al and Cr become quite resistive upon oxidation in air. The thickness and resistance of the oxide vary from case to case and do not scale with the heat of formation of the oxide. Pd and Ag are more reactive than Au and are slightly oxidized in air. Ru and Ti react strongly with organics [11, 12] and are readily oxidized. However, their oxides are conductive and ∼50% of fabricated samples display measurable conductance. Pd and Ru have been also used as bottom electrodes. Ion scattering shows that a thin oxide film (10-20 Å) is formed on top of e-beam evaporated Ru once brought to air. The Ru oxide is conductive, and this is confirmed in our case by fabricating Ru/RuO-Au junctions without molecules.
Most of the metals have been thermally evaporated. The conductance of two samples is monitored during the evaporation. Typically, the final metal evaporation from the tip side is stopped when conductance of the order of 10 −7 -10
−1 is detected on the control samples. The character of the conductance growth during the evaporation as a function of metal thickness varies with the type of metal used for the contacts. In the case of junctions assembled on Au and Pd the conductance increases mainly in sudden jumps, occasionally developing shorts between the contacts. Immediately after evaporation, the conductance usually decreases in a step-like manner. The conductance decrease is observed in vacuum (10 −6 Torr), in air and in helium atmosphere at 300 K. The junctions become stable at temperature below 200-250 K. The jumpy relaxation is probably related to metal diffusion and crystallization and/or atomic movements at the metal-molecule interfaces. All fabricated junctions are electrically tested. The junctions are kept electrically grounded during handling to avoid junction damage or modification by a static discharge. The rejected junctions are the shorted ones with resistance indistinguishable from the contact lead resistance and extremely resistive junctions (>20 G @300 K). The yield of junctions can be as high as 70% for Au-T3-Au junctions. The yield of junctions assembled on Pd is noticeably lower than for Au electrodes (∼20-30%). The junctions assembled on Ru display more regular conductance increase during the top metal evaporation. Very few junctions are shorted while about ∼50% are too resistive for the measurements. The Ru/RuO-assembled junctions are relatively stable in air after the fabrication and initial oxidation. In particular, Ru-T3-Au and Ru-T3-Ru junctions change only slightly in conductance after a few days in air. Ru-T3-Ag and Ru-T3-Pd and especially Ru-T3-Ti junctions are less stable because of the oxidation of the top electrode. Ti and Ru top contacts are deposited by e-beam evaporation without conductance monitoring.
Disorder in molecular junctions
The features in images shown in figure 2 illustrate the length scales and the sources of disorder present in metal-moleculemetal junctions. The first scale is related to the defects and imperfections of the molecular packing. The features in figure 2(a) are produced by packing defects and are affected by intermittent tip-molecule interaction. The second scale is associated with upper interface formation (figures 2(b) and (c)). The growth of metal film deposited by evaporation is a complicated kinetic process dependent on the bond strength of the metal to various surface sites, sticking probability, mobility of metal atoms on top of the SAM and diffusion through the SAM. The morphology of the top metal electrode is unique for every combination of a particular SAM and type of metal. The third scale is the granularity and the topography of the bottom metal electrode used for the assembly. Figures 2(d) and (e) show the STM images of two common substrates (Au and Ru/RuO) used in the present experiment. The length scale of the defects associated with the substrate is larger in this case than the first two scales. Earlier, we established that the ratio between the grain size and the size of the junction plays an important role in the apparent conductance mechanism [6] . The current research is limited to the smallest junction size that is less than or comparable with the grain size. Figure 3 shows representative current-voltage curves measured on some molecular junctions. Conductance (σ 0 defined as (d I /dV sd ) at V sd = 0) is strongly dependent on temperature and vanishes at low temperatures. The size of the conductance gap seen in low-temperature I -V curves is quite reproducible and characteristic of a particular combination of metal contacts. Low-temperature I -V curves measured on the junctions prepared within the same processing batch are shown in insets to figures 3(a) and (b). The onset of the conductance V on at finite V sd is not always sharp. Values of V on determined as V sd corresponding to current level of 0.1 pA as shown in figure 3 vary less than 50% for a given combination of metals. Figure 4 shows that the temperature dependence of σ 0 is another characteristic of the junctions made with particular metal contacts. Interestingly, the junctions Ru-T3-Ru and Au-T3-Ag shown in figure 3 display markedly different onset voltages V on at low temperature but demonstrate quite similar temperature dependence at zero bias. The characteristic energy scale is determined by fitting the temperature dependence with the Arrhenius law. For junctions with Au top contacts, the activation energies, E a , are particularly small as shown in figure 5 for Au-T3-Au and Ru-T3-Au junctions. The determined E a is in the range of 3.6-125 meV for all studied junctions. The characteristic activation energy, the threshold voltage and the number of measured samples for different electrode pairs are summarized in table 1. A small number of fabricated junctions (table 1) display a different character of conductance. In these cases, σ 0 does not vanish at low temperature and the overall temperature dependence is rather weak.
Results
As mentioned above, most of the junctions change during the fabrication and following the fabrication in vacuum and in air. The initial characterization of conductance mechanisms inside the evaporator chamber is rather incomplete. The present set-up does not allow for I -V measurements in a broad temperature range. The meaningful range of V sd is limited to ∼100-600 mV at room temperature because of frequent voltage-induced switching events. Most of the studied junctions display nearly linear I -V curves in this voltage range at 300 K. However, the values of V on determined for a number of junctions generally agree with the values of V on measured after the air exposure.
To additionally understand how the junction ageing affects the conductance mechanism, we have monitored a few junctions over an extended period of time, intentionally allowing further changes of conductance. The inset to figure 4 shows resistances at room temperature and activation energies immediately after the preparation and after ageing for two days at room temperature in vacuum. Both the absolute value of conductance and the activation energy typically change. The character of these changes is specific for a particular contact combination. For Au-T3-Au junctions the conductance always decreases and the activation energy increases after ageing. For Au-T3-Pd junctions, the activation energy typically decreases. However, this further ageing does not change the general features of the conductance or its overall temperature dependent character.
Discussion
A common way to analyse molecular junctions starts with calculation of conductance of isolated molecules that are strongly or weakly connected to metal contacts. The calculated tunnelling conductance [9, 13] of short conjugated molecules connected to metals through the sulfur bonds is in the range of 10 −6 -10 −8 −1 . The conductance mechanism is tunnelling with weak temperature dependence. While the room temperature conductance of the junctions falls within this range, the conductance vanishes at low T . The observed temperature dependence is inconsistent with this model [9, 13] , implying absence of good chemical bonds between the SAM molecules and the contacts in our junctions. Other theoretical models allow for arbitrarily weak coupling between the molecules and the contacts [9, 14] . In these models, the conductance is the sequential tunnelling through discrete molecular states, only slightly modified by small overlap with the metal states. The conductance in this case displays an activated temperature dependence. The energy scale is the difference between the molecular energy levels and the Fermi level of the metal contact. The optical bandgap of the T3 molecule of 2.8 eV [10] can be used as an estimate for the energy spacing between the highest occupied and the lowest unoccupied molecular levels. The experimentally determined activation energies (smaller than 150 meV) would correspond within this model to very close alignment of key molecular orbitals with the metal Fermi level. Considering the broad range of studied metal contacts and their very different work functions, an accidental alignment is unlikely.
Clearly the conductance of the junctions cannot be explained within an idealized single-molecule approximation. The alignment of the molecular states relative to the metal Fermi level can be substantially affected either by a strong variation of interfacial dipoles or by unintentional doping [15] [16] [17] . A possible source of doping can be metal atoms penetrating the SAM during evaporation of the second contact. Au forms bonds with thiols but only weakly interacts with thiophene and may present states slightly above or below the metal Fermi level [18] [19] [20] . Ag and Pd react more strongly with sulfur on thiophene rings [18, 21] . Finally, Ti is known to strongly react with organics [11, 12, 21, 22] , forming carbides. The electronic states resulting from these reactions can differ by a few eV in energy. In the experiment, all activation energies are small.
The energy levels could be associated with defects in the SAM and unintentional doping [15] [16] [17] . The defects of similar energy have been observed in other nanoscale molecular devices [23, 24] , thin organic films [25, 26] and organic crystals [27, 28] . The nature of these defects is not reliably established. The defect energy is close to other energy scales such as the lowest energies of intramolecular vibrations, intermolecular vibrations and electronic overlap in molecular crystals.
The key characteristic of conductance through molecules is the effective coupling between states in the SAM and the metal contacts. In the absence of good coupling to the molecular states, the states with the lower energy provide a better conducting pathway. The geometry of the most conductive path depends on the surface topography of the metal-molecule interface and on the relative topography of the metal contacts. The strongly varying ratio between the activation energy at zero bias and the threshold voltage V on indicates a very different geometry of the conducting pathway for different combinations of metals. In the usual model of sequential tunnelling, the Fermi level of one of the metal contacts lines up with the energy level of an intermediate state at an applied source-drain V on , opening an effective conductance channel. The ratio eV on /E a equals two for symmetric junctions. A large group of junctions in our work, including Au-T3-Ag, Au-T3-Pd and Ru-T3-Pd and Ru-T3-Ti, display an eV on /E a ratio in the range of two to five, consistent with the sequential tunnelling model ( figure 5(b) , path 1). However, the ratio is much larger, ∼15-30, for Ru-T3-Ru and Ru-T3-Au junctions. In the case of Au-T3-Au the ratio is very large and poorly reproducible. We suggest that in these junctions the conducting pathway at small bias involves sequential hops within the SAM layer ( figure 5(b) , path 2). An electric field applied between the contacts affects the rate of such hops substantially less than the rate of hops in the field direction. The in-plane hops are the limiting steps resulting in a temperature-dependent rate at V sd 2E a /e. The onset voltage is not well defined in this model, consistent with results on Au-T3-Au junctions. The reproducible V on in Ru/RuO-assembled junctions is possibly associated with the tunnelling through electronic states of different origin with markedly larger energy at 0.5 eV ( figure 5(b), path 3) . The states of this energy might be the molecular states or hybridized molecular-metal states.
The peculiarities of coupling and the unusual geometry of conducting pathways typical for junctions with Au overlayer correlate with the observed roughness of interfaces. Au evaporated on top of the SAM forms grainy surfaces shown in figure 2(b) with a small percentage of bonding sites. The conducting path through the SAM is ill defined in this case. Other metals form smoother overlayers ( figure 2(c) ) and the relation between V on and E a is closer to the characteristics of conventional tunnelling devices.
In summary, we investigated conductance of molecular junctions in contact with a variety of different metals. The main conductance channel is hopping with a characteristic energy scale determined by the combination of metals. The energy is small compared to the energy spacing expected for accessing molecular states in SAM. Based on our results we can exclude doping of the SAM by penetrating metal atoms. The low-energy states in SAM are probably related to defects or unintentional doping by impurities. The differences in transport behaviour of different metal contacts are associated with the topography of metal-molecule interfaces and coupling to the defects and molecular states.
